Abstract. We examined the evolution and maintenance of colour pattern polymorphism in an Australian lineage of scincid lizards, the genus Liopholis. Liopholis comprises 11 species, with representatives in both the temperate zone and arid zone. Specimens from all major Australian museums were examined to characterise colour pattern polymorphism within Liopholis, and investigate geographic variation in the relative abundance of morphs within polymorphic species. We used a previously published phylogeny for Liopholis to investigate the evolution and maintenance of colour pattern polymorphism within the group. Five species were found to exhibit colour pattern polymorphism
Introduction
Colour pattern polymorphism (CPP) refers to the simultaneous occurrence of two or more distinct, genetically based colour and/ or pattern phenotypes in a population (Hoffman and Blouin 2000; Gray and McKinnon 2007) . CPP has evolved on numerous occasions in invertebrates (e.g. Hughes and Mather 1986; Losey et al. 1997; Forsman et al. 2002) , fish (e.g. Franck et al. 2001) , amphibians (Hoffman and Blouin 2000) , birds (Galeotti et al. 2003; Roulin 2004 ) and mammals (e.g. Hoekstra et al. 2004) . However, the occurrence of CPP is particularly widespread in squamate reptiles (e.g. Capula and Luiselli 1994; Forsman and Shine 1995; Johnston 1996; Shine et al. 1998; Rosenblum et al. 2004; Forsman and Aberg 2008) .
Within the Egernia Group, a radiation of Australasian skinks (~47 species: Gardner et al. 2008) , at least five species exhibit CPP, all of these being members of the genus Liopholis (Chapple 2003 ; Table 1; note that Gardner et al. (2008) recently resurrected colour morphs are present. Each colour morph represents a discrete colour pattern, without the occurrence of intermediate forms (Chapple 2003 (Chapple , 2005 . Apart from colour pattern, colour morphs within a species do not appear to differ morphologically (e.g. Milton et al. 1983) .
Within Liopholis, CPP is heritable and is present in both sexes (Milton 1990; Chapple 2003 Chapple , 2005 . The mechanism of inheritance is autosomal, and is largely consistent with simple Mendelian inheritance (Milton 1987 (Milton , 1990 Chapple 2003 Chapple , 2005 . Chapple (2003) hypothesised that there was a single origin of CPP in the Liopholis ancestor, followed by the secondary loss of CPP on multiple occasions. Within species that exhibit CPP, there appears to be considerable geographic variation in the relative abundance of each colour morph (Chapple 2003) ; however, this has been examined in detail only in L. whitii. The relative abundance of the plain-back morph of L. whitii varies geographically, being completely absent from Tasmania, but extremely common in regions of South Australia (e.g. Kangaroo Island) (Milton 1990; Donnellan et al. 2002) . Milton (1990) examined museum specimens, and using state as a proxy for latitude, suggested that the relative incidence of the plain-back morph of L. whitii decreased with increasing latitude (Queensland: 0.26, n = 131; New South Wales: 0.21, n = 541; Victoria: 0.10, n = 828). The mechanism(s) responsible for this geographic variation in relative abundance of colour morphs remains unclear, as relatively few differences in behaviour, ecology, reproductive ecology, and life history have been documented between the colour morphs of L. whitii (Milton et al. 1983; Milton 1987 Milton , 1990 Chapple 2003 Chapple , 2005 Keogh 2005, 2006) .
In this study we examine museum specimens and utilise a published phylogeny for Liopholis in order to: (1) determine which Liopholis species exhibit CPP, and characterise the attributes of CPP in each of these species; (2) investigate the evolution (or loss) of CPP in Liopholis and test the hypothesis of Chapple (2003) that there was a single origin of CPP, followed by multiple losses of CPP; and (3) examine the geographic variation in relative colour morph abundance within species, and specifically test the hypothesis of Milton (1990) that the relative incidence of the plain-back morph of L. whitii decreases with increasing latitude.
Materials and methods

Examination of museum specimens
During 2002-03, we examined specimens from all Liopholis species at all major Australian museums: Australian Museum (AM), Queensland Museum (QM), CSIRO Australian National Wildlife Collection (ANWC), Museum Victoria (MV), For L. whitii we examined geographic variation using 2°l atitude bands, except for the northern and southern extremes of the distribution where 3°latitude bands were used (in order to attain sufficient sample sizes). Geographic variation in L. multiscutata was assessed using 4°longitude bands (a 8°l ongitude band was used in the Nullarbor Plain region to attain a sufficient sample size). Geographic variation in relative morph frequency was not examined statistically in L. margaretae, L. montana and L. pulchra because of their restricted distribution and/or small number of museum specimens. Chi-square tests, conducted in SPSS ver. 16.0 (Chicago, IL, USA), were conducted to examine variation in the relative abundance in colour morphs among latitudes and longitudes. We follow the taxonomy of Wilson and Swan (2008) and Gardner et al. (2008) . We therefore consider L. m. margaretae and L. m. personata separately in this study.
Evolution of colour pattern polymorphism in Liopholis
We used the molecular phylogeny from as the basis for a simple comparative analysis of the colour pattern polymorphism in Liopholis. The phylogeny was simplified so that only a single representative of each taxon was included. We mapped the presence or absence of CPP in each taxon using MacClade 4.08 (Maddison and Maddison 2000) in order to determine the pattern of gains or losses in CPP in an evolutionary context.
Results
Incidence of colour pattern polymorphism in Liopholis
Examination of specimens from Australian museums confirmed the presence of CPP in five Liopholis species:
. pulchra and L. whitii (Table 1 ). However, due to the limited number of specimens available of L. montana (n = 43), and the low incidence of the patterned morph, it is possible that the variation observed in L. montana represents continuous colour pattern rather than the presence of two discrete colour morphs. CPP was found to be absent in six species:
. slateri and L. striata (Table 1 ). The incidence of CPP was higher in rock-dwelling species (four of six species) than in obligate burrowing species (one of five species) ( Table 1) .
Evolution of colour pattern polymorphism in Liopholis
Our phylogenetic analysis of the evolution of CPP was unable to determine the ancestral state (i.e. polymorphic or monomorphic) within Liopholis (Fig. 1 (Fig. 1) . However, the latter scenario also requires the secondary loss of CPP in L. guthega (Fig. 1) .
Colour pattern polymorphism in Liopholis whitii
Three distinct colour morphs are present in L. whitii: patterned morph, plain-back morph, and patternless morph (Fig. 2 , Tables 1, 2 ). Only the patterned form was present in Tasmania (Fig. 2 ). There is substantial latitudinal variation in the relative abundance of each colour morph (c 2 = 304.4, d.f. = 14, P < 0.001; Table 3 ; note that 105 museum specimens lacked specific collection localities). The relative abundance of the patterned colour morph increases with latitude, while the incidence of the plain-back morph decreases (Table 3, Fig. 3 ). However, since colour morph frequency remains constant across the first four latitude bands (26-28°S to 33-34°S; c 2 = 3.6, d.f. = 6, P = 0.726), the incidence of the plain-back colour morph does not begin to decline significantly until latitudes higher than 35°S (Table 3, Fig. 3 ). The patternless morph occurs only in a narrow latitudinal band (34-38°S), although its incidence is significantly greater in the 35-36°S latitudinal band compared with the other two latitudinal bands in which it occurs (c 2 = 54.7, d.f. = 1, P < 0.001; Table 3, Fig. 3 ). 
Colour pattern polymorphism in Liopholis multiscutata
Two distinct colour morphs occur in L. multiscutata: patterned morph and patternless morph (Fig. 4, Tables 1, 2 ). There is significant regional variation (as measured by~4°longitudinal bands) in the relative abundance of each L. multiscutata colour morph (c 2 = 31.0, d.f. = 5, P < 0.001) (note that 12 museum specimens lacked specific collecting localities), although this is entirely due to the increased frequency of the patternless morph in the Nullarbor Plain region (longitude 125-132°E) (excluding longitudes 125-132°E: c 2 = 2.6, d.f. = 4, P = 0.622; Table 4 , Fig. 5 ). The patternless morph occurs in relatively low abundances (6.78-11.49%) across the range of L. multiscutata, except for the Nullarbor Plain region (longitude 125-132°E), where it is substantially more common (39.29%) (c 2 = 28.74, d.f. = 1, P < 0.001; Table 4 , Fig. 5 ).
Colour pattern polymorphism in Liopholis margaretae
Two distinct colour morphs are present in L. margaretae margaretae: patterned (spotted) morph and patternless morph (Fig. 6, Table 1 ). The patternless colour morph is the more abundant of the two morphs, although both have relatively similar distributions (Fig. 7, Table 2 ).
Three distinct colour morphs occur in L. margaretae personata: patterned (spotted) morph, patterned (striped-back) morph, and patternless morph (Fig. 8, Table 1 ). The patterned (striped-back) morph is the most common colour morph and is present across the entire range of L. m. personata (Fig. 7 , Table 2 ). However, both the patterned (spotted) morph and patternless morph appear to be absent from the southern end of the range (southern Flinders Ranges) (Fig. 7) .
Colour pattern polymorphism in Liopholis pulchra
Two distinct colour morphs are evident in L. pulchra: patterned morph and plain-back morph (Fig. 9, Table 1 ). Only the patterned form is present in L. pulchra longicauda (Table 2 ). In L. pulchra pulchra, the patterned morph has a higher relative abundance than the plain-back morph, although both occur across the entire distribution of L. p. pulchra (Fig. 10, Table 2 ).
Colour pattern polymorphism in Liopholis montana
Two distinct colour morphs occur in L. montana: patterned morph and plain-back morph (Fig. 11 , Table 1 ). The plain-back morph is substantially more abundant and widespread than the patterned colour morph (Fig. 12, Table 2 ).
Discussion
This study represents the most comprehensive examination of CPP in Liopholis conducted to date. Our examination of museum specimens has confirmed that five species, and six taxa (L. m.
margaretae, L. m. personata, L. montana, L. multiscutata, L. pulchra, L. whitii), within Liopholis exhibit CPP, while the remaining six species (L. guthega, L. inornata, L. kintorei, L. modesta, L. slateri, L. striata) do not exhibit CPP.
Here we discuss the geographic variation in the relative colour morph abundance within polymorphic species, and examine the maintenance and secondary loss of CPP within Liopholis.
Geographic variation in relative colour morph abundance in L. whitii, L. multiscutata and L. m. personata
The existence of geographic variation in relative colour morph abundance in L. whitii has been known for several decades (Henzell 1972; Milton 1990; Donnellan et al. 2002) . Milton (1990) , using Australian states as a proxy for latitude, suggested that the relative incidence of the plain-back colour morph decreases with increasing latitude (i.e. relative abundance decreases from Queensland to Tasmania). However, there are several potential problems with Milton's (1990) examination of colour polymorphism in L. whitii. First, it is unclear whether using arbitrary Australian state borders is an effective method for inferring latitudinal patterns in relative abundance of colour morphs. Second, Milton (1990) did not consider South Australian populations of L. whitii. Third, two recently described species (L. guthega, L. montana: Donnellan et al. 2002) , previously part of L. whitii (as E. whitii), are likely to have been included in Milton's (1990) study. Finally, Milton (1990) appears to have overlooked the presence of a third, patternless colour morph in L. whitii (Donnellan et al. 2002) .
Our analyses confirm Milton's (1990) suggestion that there is significant geographic variation in relative abundance of colour morphs in L. whitii. However, our latitudinal analyses reveal more fine-scale patterns in the relative abundance of colour morphs. The patternless morph is extremely rare, and is restricted to a very narrow latitudinal band (34-38°S, but predominately 35-36°S). The distribution of the plain-back colour morph is also more complex than indicated by Milton (1990) . Although our analyses indicate that there is a significant negative relationship between latitude and the relative incidence of the plain-back colour morph, this pattern is restricted to the southern portion of the L. whitii range. Relative abundance of colour morphs is consistent (~72% patterned morphs,~28% plain-back morphs) across the northern end of the L. whitii range (~26-34°S), with the significant decline in plain-back colour morph abundance evident only at latitudes higher than 35°S (Table 3) .
What mechanisms drive this geographic variation in relative colour morph abundance? It is currently unclear why the incidence of the plain-back morph decreases with latitude and what restricts the patternless morph to such a narrow latitudinal band. However, similar geographic patterns are evident in other squamate reptile species in Australia (e.g. Forsman and Shine 1995; Johnston 1996) . For instance, Forsman and Shine (1995) demonstrated that there are two colour morphs (striped and unstriped morphs) evident in the delicate skink (Lampropholis delicata De Vis), with the incidence of the striped morph decreasing with increasing latitude. A parallel pattern of increasing prevalence of previous tail autotomy with increasing latitude also exists in La. delicata, indicating that the striped morph might experience higher predation rates at higher latitudes (Forsman and Shine 1995) . Forsman and Shine (1995) suggested that climate and geographic variation in predation intensity might result in spatial variation in the relative fitness of the striped and unstriped morphs of La. delicata. However, the fitness consequences of the colour morphs of La. delicata also appeared to be influenced by sex, with striped females having significantly higher reproductive output than unstriped females, but striped males having lower survival rates than unstriped males (Forsman and Shine 1995) . It is therefore clear that differences between morphs (e.g. morphological, behavioural, ecological, life history, physiological) need to be considered when examining the geographic variation in relative abundance of colour morphs. Since the relative advantage of each morph might vary spatially or temporally, climate and habitat might also influence the distribution and relative abundance of colour morphs.
Relatively few differences have been detected between the colour morphs of L. whitii, although only the patterned morph and plain-back morph have been compared directly (Milton et al. 1983; Milton and Hughes 1986; Milton 1987 Milton , 1990 Donnellan et al. 2002; Chapple 2003 Chapple , 2005 Chapple and Keogh 2006) . The colour morphs of L. whitii appear to be morphologically indistinguishable (apart from colour pattern) (Milton et al. 1983; Donnellan et al. 2002) , show no differences in habitat use (Milton and Hughes 1986; Chapple 2003) , and only subtle differences are evident in life history and reproductive ecology (Milton 1987; Chapple 2003 Chapple , 2005 . Although Milton (1987) suggested that there was segregation according to colour morph in social groups in L. whitii, such morph-based segregation is not evident in all L. whitii populations (Chapple 2003; Keogh 2005, 2006) . Similarly, there is evidence both supporting (Milton 1990) and rejecting (Donnellan et al. 2002 ) the possibility of nonrandom mating between colour morphs. Such results might simply indicate spatial variation in the relative advantage of each colour morph. The lack of differences between colour morphs in L. whitii might be a consequence of all studies being completed in Queensland, New South Wales and the Australian Capital Territory (across which relative colour morph frequencies remain consistent), and not at higher latitudes where the abundance of the plain-back morph begins to decline. There are two main processes that result in the loss of polymorphism within populations (i.e. where polymorphic populations become monomorphic through the fixation of one colour morph): (1) the net selective advantage of one colour morph (through the colour morph differences discussed above); and (2) random genetic processes (e.g. founder effects, genetic drift, bottlenecks) (Roulin 2004 ). For L. whitii, it is possible that the fixation of the patterned colour morph in Tasmania was the result of random genetic processes (e.g. founder effect or genetic drift on an isolated island). However, since the incidence of the plain-back colour morph declines at latitudes higher than~35°S, the absence of the plain-back colour morph in Tasmania might be due to a net advantage of the patterned morph at higher latitudes. Interestingly, both the plain-back and patternless morph occur across multiple genetic lineages in L. whitii , and therefore must have been lost (or evolved) on multiple occasions within the species. Thus, it is clear that further study is needed to determine the processes that influence the geographic variation in relative colour morph abundance in L. whitii. It is recommended that future studies that compare colour morphs in L. whitii include a spatial component in order to account for climatic and habitat variation in the relative advantage of each colour morph.
Geographic variation in the relative abundance of colour morphs is also evident in L. multiscutata and L. m. personata. In L. m. personata, all three colour morphs occur in the northern Flinders Ranges, but the patterned (spotted) and patternless colour morphs appear to be absent from the southern Flinders Ranges. In contrast, there is no variation in the relative abundance of the two L. multiscutata morphs between states, with the patternless morph occurring in low densities (~7-11%) across the entire distribution. However, the Nullarbor Plain region appears to represent a local 'hotspot' (~39%) for the patternless morph. Interestingly, there is also a distributional gap and substantial genetic break in this region in L. multiscutata . It is unclear why the patternless morph is relatively more common in the Nullarbor Plain region. It could simply be an artefact of lower sample size in this region, or could potentially be due to the climate and habitat present in the Nullarbor Plain. No studies have examined potential differences between colour morphs in these two species (or in the other three polymorphic species), so there is much scope for future studies to examine the differentiation between colour morphs in species in the L. whitii species group.
Maintenance and secondary loss of colour pattern polymorphism in Liopholis
Our analyses of the evolutionary history of CPP within Liopholis were inhibited by the inability to determine the ancestral character state for the group. The most parsimonious scenario suggests that CPP was the ancestral state within the L. whitii species group, with four separate losses of CPP occurring during the evolution of the group (Fig. 1) . The alternative scenario, whereby CPP represents the derived character state, requires four separate evolutions of CPP followed by one subsequent loss of CPP. Once CPP has originated in a species, the maintenance of polymorphism requires one of the following specific situations: (1) neutral polymorphism; (2) disruptive or divergent selection (including temporal or spatial variation in selection regimes); (3) balancing selection; (4) frequency-dependent selection; or (5) heterozygote advantage (heterosis) (reviewed in Galeotti et al. 2003; Roulin 2004; Gray and McKinnon 2007) . In contrast, the breakdown of CPP within a species (i.e. the transition from polymorphism to monomorphism) only requires there to be a net selective advantage to one morph, or random genetic processes (where the morph that persists is not necessarily the ancestral one) (reviewed in Roulin 2004 Chapple (2003) .
The 'secondary loss' scenario is further supported by the remarkable similarity in the characteristics of CPP among Liopholis species (Table 1) , which might be indicative of single origin of CPP. Thus, since CPP might have arisen on only a single occasion within Liopholis, it is necessary to focus on the factors responsible for the maintenance or breakdown of CPP within the group. The incidence of polymorphism is higher in rock-dwelling species that inhabit the temperate zone (four of six species) than in obligate burrowing species that inhabit the Australian arid zone (one of five species). This might indicate that climatic or ecological factors could be correlated with the secondary loss of CPP in Liopholis. For instance, the species that lack CPP occur in either the arid zone (L. inornata, L. kintorei, L. slateri, L. striata) or alpine zone (L. guthega). Polymorphism is most likely to be maintained in species that occur in a heterogenous environment, where differential selection for morphs between microhabitats has a higher probability of occurring (e.g. Galeotti et al. 2003) . Thus, it might be likely that the temperate zone offers more microhabitat heterogeneity than the Australian arid zone. However, all arid-zone Liopholis species (L. inornata, L. kintorei, L. slateri, L. striata) exhibit some degree of background matching to the various soil colours on which they live (Chapple 2003) ; polymorphism might therefore have been lost in these species as a result of selective pressures to avoid predators. However, the only obligate burrowing species to exhibit CPP occurs predominately in coastal sand dues, rather than the arid zone, and still displays some degree of background matching to the soil/sand on which it occurs (Chapple 2003; . Predictions concerning the influence of climate and habitat on the maintenance of CPP could be tested experimentally or in the field, using widespread species such as L. multiscutata and L. whitii.
It is clear that numerous questions remain regarding the evolution, maintenance and secondary loss of CPP in Liopholis. Our study has characterised CPP within Liopholis and provided some initial insight into the maintenance, geographic variation and secondary loss of CPP within the group. The six polymorphic taxa within the group provide an excellent opportunity to complete 'replicated' studies. Thus, the present study provides an ideal framework for future studies to examine hypotheses relating to CPP within Liopholis. 
